Purpose This study aims to define the role of adiponectin (APN) in preventing goblet cell apoptosis and in differentiation of epithelial cells to goblet cell lineage resulting in greater mucus production and hence greater protection from chronic inflammation-induced colon cancer (CICC). Methods Six-to eight-week-old male APNKO and C57BL/6 (WT) mice were randomly distributed to three treatment groups: DSS, DMH, DSS+DMH and control. Chronic inflammation was induced in DSS and DSS + DMH group by administrating 2 % DSS in drinking water for 5 days followed by 5 days of normal drinking water and this constitutes one DSS cycle. Three cycles of DSS were administered to induce chronic inflammation. Cancer was induced in both APNKO and WT mice in DMH and DSS+ DMH groups by intraperitoneal injections of DMH (20 mg/kg body weight) once for DSS+DMH group and once per week for 12 weeks for DMH group. On day 129, the colon tissue was dissected for mucus thickness measurements and for genomic studies. HT29-C1.16E and Ls174T cells were used for several genomic and siRNA studies. Results APNKO mice have more tumors and tumor area in DSS+DMH group than WT mice. APN deficiency downregulated goblet to epithelial cell ratio and enhanced the colonic mucosal erosion with reduced mucus thickness. APN increases Muc2 production with no affect on Muc1 production. APN abated goblet cell apoptosis, while APN deficiency reduced epithelial to goblet cell differentiation. Conclusion APN may be involved in reducing the severity of CICC by preventing goblet cell apoptosis and increasing epithelial to goblet cell differentiation.
Introduction
Colorectal cancer (CRC) is globally the third most commonly diagnosed cancer [1] . Several epidemiological studies have linked long standing inflammatory bowel disease (IBD) with two-to threefold greater lifetime risk of developing colorectal cancer [2, 3] . The development of chronic inflammation-induced colon cancer (CICC) is thought to be multifaceted, and the repetitive cycles of inflammation, damage, increase rate of epithelial cell proliferation, and regeneration initiate and promote the process of CICC [3] .
The intestinal homeostasis is a complex interplay of microbiota, intestinal epithelial cells (IECs), and the host immune system [4] [5] [6] [7] . Mucus overlies epithelial cells of colon and acts as a physical barrier that prevents the invasion of colonic bacteria and thus inflammation [7] . The mucus-secreting goblet cells protect the epithelial layer, and the depletion of these cells is a common characteristic of multiple models of murine intestinal inflammation [5, 8] , UC patients [9] , and colon cancer [10] . The goblet cells are derived from the multipotent stem cells, and the Notch signaling pathway has been shown to play a major role in their differentiation [11] . The basic helix-loop-helix transcription factor Math1 and a transcriptional repressor Hairy and Enhancer of split type 1 protein (Hes-1) are important downstream molecules in the Notch signaling pathway, and their interplay may determine the onset of goblet cell differentiation [12] .
The viscoelastic, polymer-like properties of mucus are derived from the major gel-forming glycoprotein components called mucins [13, 14] . Fifteen different mucin genes have so far been described of which Muc1, 2, 3, 12, 13, and 17 are found in the colon [15] . Muc2, the major colonic mucin [16, 17] , creates a functional barrier between the host and the luminal contents and any alteration in this could act as a trigger for IBD [18, 19] , particularly in UC patients [18] .
Mucin has also been linked to colorectal cancer [20] , and increased expression of Muc1 is associated with poor prognosis [21] , while Muc2 is involved in the suppression of colorectal cancer [9, 22, 23] and has a protective role in IBD [4, 5, 7] .
Mounting evidence indicates a positive association between adiposity and colon cancer [24, 25] . Obesity is a chronic sub-inflammatory condition and adipocytokines, biologically active substances produced by the adipocytes, are crucial players in the process of CICC [3, 26] . Obesity is also associated with a heightened inflammatory response in people with CD [27] and could result in a vicious cycle of localized inflammation that can expedite CICC.
Recent data suggest that the adipocytokine adiponectin (APN) has an important role in modulating the pathophysiology of the CICC. An inverse correlation has been established between APN plasma concentrations and body mass index [28] and with the risk of CICC [29] . The role of APN in carcinogenesis is not yet fully understood, but its antiinflammatory, immune-modulatory, and insulin-sensitizing effects are considered to be beneficial [30] . Several clinical studies have shown lower APN levels being associated with colorectal carcinoma [31] . APNKO mice have greater and larger colon lesions as compared to C57BL/6 WT mice in chronic inflammation-induced colon cancer (CICC) model [3] . APN modulates p53 and Bcl-2 gene expression [32] and provides anti-carcinogenic effects, many of which are mediated through the AMP-activated protein kinase (AMPK) system via two receptors; the AdipoR1 and R2 [30] .
Recent studies from our laboratory have shown that APN deficiency contributes to CICC [3] . In extension to our ongoing studies, this paper aims at understanding the role of APN in preventing the DSS-, DMH-, and DSS+DMH-induced mucus depletion. This study also aims at deciphering the role of APN in modulating Muc2 and its associated proteins. To achieve our goal, we used the human colonic goblet cell line HT29-Cl.16E [33] , as this clonal derivative of HT29 displays a homogeneous and stable differentiated phenotype of mucus-secreting cells. It is a validated model for determining the regulation of mucin secretion [34] .We also used Ls174T cells, a well-established in vitro model to study mucus production [35] . In addition, the Muc gene expression profile of HT29-Cl.16E and Ls174T cells includes Muc1, Muc2 and Muc3, the major mucins expressed in the human colon [33, 36] .
Materials and methods

Animals and experimental groups
Six-to eight-week-old male homozygous APNKO −/− and male C57BL/6 (WT) were housed in conventional animal room and treated in the animal facility at the University of South Carolina. The mice were on a 12:12 h light-dark cycle in a low stress environment (22°C, 50 % humidity, and low noise) and had access to food (Purina Chow) and water ad libitum. All animal care followed institutional guidelines under a protocol approved by the Institutional Animal Care and Use Committee at the University of South Carolina. APNKO and WT mice were randomly assigned to four different groups of equal number (n=12 mice per group): (1) DMH+DSS; (2) DMH; (3) DSS, and (4) control or no treatment. The body weight of both APNKO and WT mice showed no significant difference at the beginning of the study.
Induction of chronic inflammation and cancer
Chronic inflammation was induced in mice assigned to the DSS treatment group. These mice received 2 % dextran sodium sulfate (DSS) (MP BIOCHEMICALS, MW: 36,000-50,000) dissolved in their drinking water for 5 days, followed by 5 days of regular drinking water; this represented single cycle and DSS was administrated for three cycles on day 8, 23, and 38. To establish chronic inflammation-induced colon cancer, another group of mice received three cycles of DSS and a single injection of DMH intraperitoneally (i.p) (SIGMA ALDRICH) (20 mg/kg body weight) administered at the beginning of the DSS treatment. Cancer was induced in mice assigned to DMH treatment group by administering weekly dose of DMH i.p. for 12 and the mice were sacrificed on day 129.
Tissue collection and tumor quantification
Mice colon were harvested and sectioned (2 mm 2 ) to confirm the mouse histopathology of the entire group (6 mice/group). The remainder of the colons was stored at −80°C for gene and protein expression studies. The dissected tissues were stained with 0.5 % methylene blue (SIGMA ALDRICH) to count tumors and measured tumor area using a stereomicroscope followed by sectioning for Alcian blue staining. Tumor quantification was done in blinded condition by two individuals.
Mucus thickness
Mucus thickness was measured with micropipettes connected to a micromanipulator (LEITZ) with a digimatic indicator (IDC SERIES 543, Mitutoyo). The degraded luminal mucus layer was removed. Glass tubing (borosilicate tubing with 1.2 mm OD and 0.6 mm ID; Frederick Haer) was pulled with a pipette puller (pp-83; NARISHIGE SCIENTIFIC) to a tip diameter of 1-3 μm and to prevent mucus adhering to glass, the pipettes were siliconized by dipping the tip of the micropipette into a silicone solution followed by drying at 100°C for 30 min. The luminal surface of the mucus gel was visualized by placing graphite particles (activated charcoal, extra pure, Merck) on the gel, and the colonic epithelial cell surface was visible through the microscope. The micropipette was inserted into the mucus gel at an angle of ∼30°(θ) to the surface. The distances traveled by the micropipette from the luminal surface of the mucus gel to the epithelial cell surface were measured with a digimatic indicator connected to the micromanipulator, and a mean value (A) was calculated. The mucus thickness (T) was calculated using the formula T=A (sin θ). Mean of four to five different measurements was taken as one thickness value.
Alcian blue staining Standard deparaffinization procedure was followed using xylene and gradation of ethanol. Alcian blue solution (1 %) of pH2.5 in 3 % acetic acid and nuclear fast red in aluminum sulfate was prepared. Tissues were stained with Alcian blue and counterstained with nuclear fast red solution. Goblet to epithelial cell ratio was counted per crypt with ten crypts per section and five sections per group.
Cell culture HT29-Cl. 1 6E and Ls174T cells (ATCC) were seeded on porous nitrocellulose filters (MILLIPORE filters HAHY, porosity 0.45 μm; 2×10 6 cells per filter) to provide improved access to basolateral membrane of cells [37] . The cells were cultured in Dulbecco's modified Eagle's medium (DMEM) (GIBCO) supplemented with 10 % (v/v) heatinactivated fetal calf serum (FCS) (GIBCO). HT29-Cl.16E and Ls174T cells form at confluence homogeneous monolayer of differentiated goblet cells, secreting a mucus gel in the culture medium. HT29-C1.16E and Ls174T cells (10 6 /well) were incubated at 37°C and 5 % CO 2 in the presence of different dosages of recombinant APN (0, 0.25, 0.5, 1.0, 1.5, 2.0 μg/mL) in one experiment and in other experiment APN (2 μg/mL), TNF-α (10 ng/mL), and APN+TNF-α (PROSPEC) for 24 h.
Muc1 and Muc2 measurement
Muc1 and Muc2 production was measured in HT29-Cl.16E and Ls174T cells treated with different dosages of APN for 24 h and cell supernatant was collected. A parallel experiment that was undertaken with the goal to determine the spontaneous production of Muc1 and Muc2 at different time points in the colonic epithelial cells of APNKO (n=40) and WT (n=40) mice each treated with three cycles of DSS on day 8, 23, and 38. Mice were sacrificed at different time points after the start of third DSS cycle on day 38, 44, 54, and 62 (n=10 each time point). Colonic epithelial cells were scraped and cultured in DMEM supplemented with 10 % heat-inactivated FCS for 24 h. Muc1 and Muc2 production was measured both in colonic epithelial cells and in HT29-Cl.16E and Ls174T cell supernatant by ELISA (USCN LIFE SCIENCE) using standard protocol.
Genes knockdown using siRNA Small interfering RNA (siRNA) (40nM) targeting MUC2, Bax, APN R1 and R2 (QIAGEN), and Math-1 was transfected in HT29-Cl.16E and Ls174T cells (10 6 ) using lipofectamine 2000 reagent (Invitrogen) according to the manufacturer's instructions. Controls were transfected with unrelated siRNA (CsiRNA) (SANTA CRUZ, QIAGEN, and INVITROGEN). Reductions of cell-surface proteins were analyzed with flow cytometry. The efficacy of knockdowns was assessed by conventional semi-quantitative RT-PCR. Assays were performed 2 days after transfection.
Apoptosis detection by TUNEL
Terminal deoxynucleotidyl transferase (TdT)-mediated dUTP-biotin nick-end labeling (TUNEL) technique was used as per manufacturer instructions (R&D systems) to detect DNA strand breaks in situ. After treating cells with APN (2 μg/mL), TNF-α (10 ng/mL), and APN+TNF-α pelleted cells were rinsed with PBS and TUNEL staining procedure was performed. Cells were then counterstained with methyl green. Negative controls were performed by substituting PBS for TdT enzyme, which exhibited no immunostaining. Enumeration of apoptotic nuclei was made on ten slides per treatment, using a Zeiss light microscope with a 40× objective and a 10× eyepiece. All nuclei counted showing a brown labeling. The incidence of apoptotic nuclei was given as the percentage relative to total nuclei (apoptotic ratio). The data are representative of three repeated experiments, all displaying similar results.
Reverse transcription-polymerase chain reaction
Semi-quantitative reverse transcription-polymerase chain reaction (RT-PCR) was used to determine the efficacy of siRNA transfection and relative gene expression in HT29-Cl.16E and Ls174T cells and colonic epithelial cells. Total cellular RNA was isolated using TRIzol reagent (Invitrogen) according to the manufacturer's instructions. A total of 2.5 mg extracted RNA was used as the template for complementary DNA (cDNA) synthesis using the Thermoscript reverse transcription-polymerase chain reaction system (Invitrogen). Semi-quantitative PCR was performed for Muc2, Bax, APN R1 and R2, Hes-1, and Math-1 using the following primer pairs: MUC2 forward primer (FP) (5 -GACATTTGTCAT GTACTCGGC-3 ) and reverse primer (RP) (5 -GCAAGGACTGAACAA AGACTC-3 ), Bcl-2 (FP-59-GACTTCGCCGAGATGTCCAG-39 and RP-5 -TCACTTG TGGCT CAGATAGG-3 ), Bax (FP-59-GGTTTCATCCAGGATCGAGACGG-3 and RP-5 -ACAAAGATG GTCACGGTCTGCC-3 ), GAPDH (HT29-Cl.16E cells) (FP-5 -GCAGGGGGGAGCCAAAA GGG-3 and RP-5 -TGCCAGCCCCAGCGTCAAAG-3 ),
Hes1 (FP-CAGCCAGTGTCAACACG ACAC and RP-T C G T T C AT G C A C T C G C T G A G ) , M a t h 1 ( F P -A G T G A C G G A G A G T T T T C C
C C a n d R P -CTGCAGCCGTCCGAAGTCAA), and GAPDH (colonic epithelial cells) (FP-GTCATCA TCTCCGCCCCTTCTGC and RP-GATGCCTGCTTCACCACC TTCTTG). The synthesized cDNA was amplified by RT-PCR assay; the PCR cycle consisted of 94°C for 1 min, 56°C for 2 min, and 72°C for 1 min, with final extension at 72°C for 10 min. Relative mRNA abundance of Math-1, hes-1, and ratio of Bax/Bcl-2 was calculated using semiquantitative RT-PCR and Image J software (NCBI) for densitometry. GAPDH was used as a loading control and the gels were run thrice using different samples from the same group to calculate significant difference.
Statistical analysis
Two-way and one-way analysis of variance (ANOVA) was used to analyze the data with Tukey post hoc-analyses. A p value<0.05 was considered statistically significant. All the statistical analyses were done by using SigmaStat 3.5 (SPSS).
Results
Promotion of colorectal carcinogenesis in adiponectin-deficient mice
We investigated the role of APN in the progression of CICC. No morphological differences in the colon were observed between the WT and the APNKO control mice (Fig. 1a) and an administration of three cycles of DSS alone did not induce tumors in both WT and APNKO mice. However, APNKO and WT mice receiving DMH and DSS+DMH developed tumors (Fig. 1a) , with greater tumor number and size in APNKO mice treated with DMH+DSS when compared to WT mice (Fig. 1a) . These were similar to the results obtained in our previous study [3] . The tumors were observed mostly in the descending colon and the rectum. Moreover, shortening of the colon length (one of the macroscopic signs of colitis representing the severity of colitis) was more evident in DSS+ DMH-treated APNKO mice when compared to WT mice (Fig. 1a) .
APN deficiency enhances colonic mucosal erosions and reduces goblet to epithelial cell ratio
One of the consistent features of both IBD and CICC is the denudation of the mucus layer coating the gastrointestinal tract. To evaluate the role of APN in preventing DSS-, DMH-, and DSS + DMH-induced mucosal erosions; we measured the colon mucosal thickness as well as the goblet to epithelial cell ratio in all the treated groups as described by Petersson et al. [18] . No change in the mucus thickness was observed in untreated APNKO and WT mice (Fig. 1b) . All DSS-, DMH-, and DSS+DMH-treated mice had a significant reduction in the mucus thickness as compared to untreated mice (Fig. 1c) . APNKO mice treated with DSS, DMH, and DSS+DMH had significantly decreased (p< 0.04) mucus thickness when compared to WT mice in the same treatment group (Fig. 1c) . APNKO mice treated with DSS+DMH had the lowest mucosal thickness compared to other groups. Additionally, when compared with the concurrent controls in the WT group, the number of goblet cells was reduced significantly in APNKO mice treated with DMH and DSS+DMH, thereby offering an explanation for the loss of mucus in these animals (Fig. 1d, e) . The DSStreated WT and APNKO mice did not show any difference in the goblet cell number (data not shown).
Effect of APN on in vitro and in vivo Muc2 production and TNF-α induced apoptosis
To elucidate the role of APN in the synthesis of Muc1 and Muc2 production, HT29-Cl.16E and Ls174T cells were cultured for 24 h with media containing various concentrations of APN. The results show a dose-dependent increase in the Muc2 production with an increase in the APN concentration when compared to untreated cells (Fig 2a) , suggesting that APN has a direct role in Muc2 production by goblet cells. Similar results were found in Ls174T cells exposed to the same treatment (data not shown). Data also show that APN did not have any effect on Muc1 production (Fig. 2a) .
To characterize the effect of APN deficiency on Muc1 and Muc2 production by the primary epithelial cells, APNKO and WT mice treated with three cycles of DSS were sacrificed at various time points. The colonic epithelial cells were collected, cultured for 24 h, and measured for Muc1 and Muc2 production by ELISA (Fig. 2b) . Muc2 level was significantly reduced on day 44 and was recovered by day 54 and 62 in WT mice without any changes in Muc1 production. However, in APNKO mice, Muc2 level was reduced dramatically and its production was consistent by day 62, indicating that APNKO mice are prone to decreased Muc2 production or fewer goblet cells during and after chronic DSS administration (Fig. 2b) .
APNKO mice treated with DSS, DMH, and DSS+DMH had lesser goblet cells as compared to WT mice, indicating that APN has an inhibitory role in goblet cell apoptosis. To validate this observation, the experiment was performed to assess the impact of APN (2 μg/mL) on TNF-α (10 ng/mL) induced apoptosis in cultured HT29-CI.16E and Ls174T cells. The results showed that supplementing the HT29-CI.16E and Ls174T cells for 2 h with media containing APN decreased apoptosis by almost half when compared to untreated controls (no APN or TNF-α). TNF-α increased apoptosis by almost threefolds (Fig 2c) ; however, when these cells are co-treated with APN (APN+TNF-α), the goblet cell apoptosis is reduced, indicating that the APN inhibits TNF-α-induced apoptosis of the goblet cells (Fig. 2c) . To test whether APN inhibition of apoptosis is Muc2 dependent, we knockeddown Muc2 expression (∼60 % reduction) using Muc2-siRNA [38] . Muc2 knockdown resulted in a fourfold increase in the apoptosis in APN treated group and twofold increase in APN+TNF-α group as compared to siRNA controls (p<0.01) (Fig. 2c) . APN plays an important role in inhibiting TNF-α induced apoptosis of goblet cells and is Muc2 mediated. Similar results were found in Ls174T cells exposed to the same treatment (data not shown).
APN inhibits TNF-α induced apoptosis of the goblet cell by modulating Bax/Bcl-2 through the activation of APN receptors
To analyze the Bax and Bcl-2 role in regulating TNF-α induced goblet cell apoptosis by APN, we quantified the Fig. 2 Effect of APN on Muc2 production and goblet cell apoptosis. a Graph representing the dose-dependent relationship of Muc1 and 2 productions (nanogram per milliliter) by HT29-CI.16E cells (10 6 ) and APN (microgram per milliliter) treatments. b Spontaneous Muc1 and Muc2 production from mucosal tissue obtained from WT and APNKO mice, respectively, and treated with DSS (third cycle). They were measured in different time points. c The gel picture represents the Muc2-siRNA knockdown in HT29-CI.16E cells (10 6 ). The cells with CsiRNA and Muc2-siRNA were treated with TNF-α (10 ng/mL) or globular APN (2 μg/mL) or both for 2 h (the peak effect of TNF-α in cell apoptosis), and the apoptosis ratio was determined using TUNEL assay. The data are representative of two independent experiments, all displaying similar results. *p< 0.01 (treated versus untreated cells, TNF-α versus APN+TNF-α at 2 h time point), # p<0.04 (Muc2 levels on day 38 versus 44 in WT mice). **p<0.05 (Muc2 levels on day 38 versus 44, 54, and 62 in KO mice) Bax/Bcl-2 mRNA levels in cells treated with APN, TNF-α and APN+TNF-α. The results showed down-regulation of Bax expression with up-regulation of Bcl-2 in cells treated with APN alone (Fig. 3a-b) . TNF-α treatment resulted in the up-regulation of Bax, while cells co-treated with APN (APN+TNF-α) reduced TNF-α induced up-regulation of Bax with increase in Bcl-2 expression (Fig. 3b) .
APN alone caused a reduction in Bax/Bcl-2 mRNA levels as compared to untreated controls (p<0.01); also, APN reduced TNF-α induced Bax/Bcl-2 mRNA expression when compared to cells treated with APN + TNF-α (p < 0.04) (Fig. 3b) . The apoptosis ratio was measured in cells with various treatments, and the results show that APN reduced TNF-α induced apoptosis ratio in control cells (p<0.03), but no significant difference was seen in Bax-depleted cells (siRNA) cells (p>0.05). However, Bax-depleted cells (Bax siRNA) have a higher apoptosis ratio in all treated groups compared to control (CsiRNA) cells (Fig. 3c, d ), suggesting that APN inhibits goblet cell apoptosis via Bax/Bcl-2 modulation.
To evaluate the role APN R1 and R2 in mediating APN effect on goblet cell apoptosis by TNF-α, the HT29-Cl.16E and Ls174T cells were treated with APN, TNF-α, and APN+TNF-α in APN R1 and R2-depleted cells. The data show that APN is able to inhibit TNF-α apoptosis ratio in control (CsiRNA) cells (p<0.01) (Fig. 3e, f) , while unable to do so in cells deficient of APN receptors APN R1 and R2 (Fig. 3g) . Thus, it appears that APN may selectively inhibit TNF-α goblet cell apoptosis through adiponectin receptors.
APN deficiency modulates genes responsible for goblet cell differentiation
Hes-1 and Math-1 genes play an important role in epithelial to goblet cell differentiation. We evaluated these genes expression in the colonic mucosa of WT and APNKO mice treated with DSS, DMH, and DSS+DMH. Hes-1 gene expression is upregulated in APN deficient mice significantly (Fig. 4a) , with concomitant reduction in the expression of Math-1 gene (Fig. 4b) in DMH-and DSS+DMH-treated group (p<0.04), as compared to WT mice, while DSStreated (data not shown) and -untreated groups did not show any difference in the expression of Hes-1 and Math-1 genes. These results indicate that epithelial cells of the APN deficient mice express genes that reduce epithelial cell differentiation to goblet cells.
Increase in Muc2 by APN is Math-1 dependent and mediated by APN receptors
In our previous experiments, it has been shown that APN induces Math-1 expression in vivo. We detected Math-1 expression in HT29-Cl.16E and Ls174T cells treated with various concentrations of APN. The results indicate a dosedependent increase in the Math-1 expression with an increase in APN concentration (Fig. 5a, b) . In order to analyze if Math-1 gene is responsible for APN induced Muc-2 production, various concentrations of APN are treated with Math-1-deficient (by knocking down with Math-1 siRNA) cells. The results show a dose-dependent increase in Muc-2 (Fig. 5c, d ), suggesting that APN induced Muc-2 production, is mediated by Math-1 gene expression. APN R1 and R2 were knocked down in HT29-Cl.16E (Fig. 5e ) and Ls174T cells (data not shown) and were treated with APN and measured for Math-1 expression. The results show a significant reduction in the Math-1 expression in APN R1 and R2 deficient cells compared to control (CsiRNA) cells (p<0.02) (Fig. 5f, g ), suggesting that APN R1 and R2 activation is required for Math-1 gene expression.
Discussion
Obesity and IBD are known factors that induce chronic inflammation and contribute to the colorectal carcinogenesis [2] . Deregulation of adipose tissue-derived adipokines may be directly involved in obesity-related carcinogenesis [30] . Adiponectin is arguably one of the highly investigated adipokine as its anti-inflammatory and insulin-sensitizing effects are reported to be beneficial in various health conditions including cancer [30] . The concentration of APN in plasma is reduced in obesity [28] , and an inverse relation between serum levels of adiponectin and risk of colorectal cancer has been established [29, 31, 39] .
Chronic colonic inflammation is a prerequisite for colitisassociated colorectal carcinogenesis and our earlier studies have shown that APN deficiency contributes to inflammationinduced colon cancer [3] . The present study plans to investigate the role of APN and goblet cells in preventing CICC by emphasizing on the mechanism/s responsible for the protective effects.
Tumor development was found to be similar in all the treatment groups when compared to our previous study [3] , with significantly greater number of tumor and tumor size in APNKO mice treated with DSS+DMH in comparison to WT mice indicating that the absence of APN made the mice more vulnerable to DSS induced colitis and DMH-induced colon cancer. This could be explained by the apoptotic effect of APN on tumor cells and decreased neovascularization in T241 mice fibrosarcoma [40] . It has also been found to decrease azoxymethane-induced intestinal carcinogenesis in Apc min/+ and WT mice [41] . It is quite possible that APN mediates the protective effects possibly by inhibiting chemokine production in intestinal epithelial cells and the following inflammatory responses, including infiltration of macrophages and release of proinflammatory cytokines [3, 42] .
The mucus layer has a crucial role in intestinal homeostasis and act as a hallmark of human IBD, particularly UC and in mice lacking the major mucin protein Muc2 that develop spontaneous colitis [43] . The mucus layer produced by the goblet cells is part of the innate immunity and forms a physical barrier against mechanical and chemical insults [5, 8, 44] . We therefore detected the role of APN deficiency in mucin depletion by quantifying mucus thickness in both APNKO and WT mice treated with DSS, DMH, and DSS+DMH. The results indicate significant reduction in mucus thickness in both APNKO and WT mice, which are in agreement with earlier reports for IBD [18, 19, 45] and CICC [46] . The depletion of mucus was significantly pronounced in the APNKO mice, indicating that APN could directly or indirectly modulate mucus production. We also a found a significant reduction in the goblet to epithelial cell ratio in the APNKO mice treated with DMH alone and DSS + DMH when compared to WT counterparts. Therefore, a positive correlation is achieved between APN deficiency and decrease mucus production with a concomitant decrease in goblet cells.
The mucus composed of secretory (Muc2, Mic5AC, Muc5B, and Muc6) and transmembrane proteins (Muc1, Muc3A, Muc3B, Muc4, Muc12, Muc17) that form a semipermeable barrier between the intestinal lumen and the underlying epithelium [9, 47] . Several lines of evidence point towards a biological role of mucin in preventing colorectal cancer [48] with Muc2 being an active player [22] . Muc2 may act as a trigger for intestinal tumorigenesis as Muc2 deficient mice develop small and large intestinal and rectal tumors [22, 49] . Experiments with cultured HT29-Cl.16E and Ls174T cells have clearly shown that APN increased the synthesis of Muc2, but not of Muc1. Similar results were obtained in the animal model with reduced Muc2 production in APNKO mice when compared to WT mice. Altered Muc2 and Muc1 expression is a hallmark of IBD and colon cancer, and we provided substantial evidence that APN may participate in modulating the expression of these two proteins and might contribute to the reduction in the symptoms associated with CICC.
To further explore the protective role of APN, we hypothesized that APN inhibition of goblet cell apoptosis is Muc2 dependent. To validate this hypothesis, Muc2 expression was knocked down (∼60 % reduction) using siRNA [38] , and the goblet cells (siRNA against Muc2 and controls) were investigated for the anti-apoptotic effects of APN. We observed that Muc2 knockdown resulted in a significant increase in apoptotic ratio in all the treatment groups with a fourfold increase in APN treated group and twice in APN+TNF-α group when compared to CsiRNA treated cells, thereby strengthening our hypothesis.
To further explore the mechanism of APN-mediated goblet cell protection, we calculated the relative ratio of Bax (pro-apoptotic) and Bcl-2 (anti-apoptotic) mRNA abundance in all the treatment groups (untreated, APN, TNF-α, and APN+TNF-α) and found that administration of APN decreased Bax, but increased Bcl-2 expression and attenuated the pro-apoptotic effect of TNF-α. Additionally, using siRNA-Bax, we were able to observe that APN neither reduced apoptosis nor inhibited the pro-apoptotic effect of TNF-α in partially depleted Bax (siRNA) in HT29-Cl.16E and Ls174T cells (Fig. 5c) , which indicates that APN reduces goblet cell apoptosis by regulating Bax/Bcl-2 ratio. To the best of our knowledge, this is the first study that demonstrates APN inhibiting goblet cell apoptosis via Bax/Bcl-2 modulation.
Adiponectin has been shown to exert some of its protective effects through adiponectin receptors (AdipoR1 and AdipoR2) [50, 51] . The up-regulation of both adiponectin receptors in tumor cells may be a cellular response to lower circulating adiponectin levels in patients with colorectal cancer and/or a compensatory response of their malignant cells [39] . To examine whether the anti-apoptotic effect of APN in goblet cells is mediated through adiponectin receptors, we repressed the expression of AdipoR1 or AdipoR2 via siRNA technique. The results indicated that the presence of APN treatment decreased apoptosis ratio in CsiRNA HT29-Cl.16E and Ls174T cells treated with TNF-α, but no change in the apoptotic ratio was observed in the cells deficient in APN R1 and R2. This study provides conclusive evidence that APN may prevent goblet cell apoptosis through the activation of its two receptors R1 and R2 and its downstream effecters, which could further modulate Bax/Bcl-2 ratio and up-regulate Muc2 expression.
Notch signaling pathway is essential in regulating the differentiation of colonic goblet cells and stem cells/progenitor cells [52, 53] . Canonical activation of the Notch signaling leads to Hes1 up-regulation and Atoh1/Hath1/Math1 down-regulation [10] . Suppression of Notch signaling by depletion of Hes-1 was associated with a significant increase in the secretory lineage of intestinal epithelial cells and vice versa [54, 55] . The Hes family of genes functions as transcriptional repressors of further downstream targets like Math-1, which defines the secretory epithelial lineages [56] . Recent studies also indicate that Math1 possess tumor suppressor function in colorectal neoplasia and its function is lost in some patients with colorectal cancer [57] .
To further explore the role of APN in goblet cell differentiation, we quantified the expression of Hes-1 and Math-1. We found a significant increase in the expression of Hes-1 and decrease Math-1 expression in mice treated with DMH alone and DSS+DMH when compared to WT counterpart. We further pursue this path by studying the expression of Math-1 with the exogenous APN dose response in HT-29-Cl.16 E and Ls174T cells and found an increase in the Math-1 mRNA expression with increasing APN dosage. This was followed by another set of experiments where we demonstrated that the Fig. 6 A hypothetical model showing the effect of APN on epithelial to goblet cell differentiation, goblet cell apoptosis, and Muc-2 production. In CICC, APN may play a protective role by reducing the expression of Hes-1 and Bax with a concomitant increase in the production of Math-1 and Bcl-2 leading to greater epithelial to goblet differentiation and reduction in goblet cell apoptosis. APN also increases the expression of Muc-2 leading which affects goblet cell differentiation. All the above pathways lead to an increase in goblet cell number and hence greater mucus secretion. This enhances the protection from luminal factors that invade the colon epithelium and hence reducing the incidence of CICC expression of Muc2 by the goblet cell is Math-1 dependent, which could be further regulated by APN. It was also found that the expression of Math-1 is dependent on the presence of APN receptors R1 and R2, which was achieved by silencing receptors expression and quantifying Math-1 mRNA abundance in CsiRNA and siRNA APN R1 and R2-treated groups. These results clearly demonstrate that APN is governing the overall expression of both Muc2 and Math-1 in a dosedependent manner in the presence of both APN R1 and R2 receptors and directing the pathway of intestinal cell differentiation towards the formation of goblet cells, which secrete mucus to form a protective layer to prevent colonic epithelial cells from luminal factors that may induce inflammation and cancer.
Conclusion
By the means of this study, we have established the protective role of APN and its receptors in CICC that is depicted in our hypothetical model (Fig. 6) . APN can down-regulate the expression of Hex-1 with the concomitant up-regulation of Math-1 expression leading to the differentiation of epithelial cell to goblet lineage. Also, APN can modulate the ratio of Bax and Bcl-2, which could be a contributing factor in reducing goblet cell apoptosis, which is Muc2 dependent. APN has also been shown to increase the production of Muc2, which is dependent on Math-1. All these data point towards the common observation of the protective role of APN in reducing the severity of CICC.
Although this study provided evidences of the protective role of APN in CICC, reconstituting APN in the same model system is crucial in defining the role of APN in mucus production. This will be the framework for our future studies.
